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Innate immunity is essential for insects to survive infectious pathogens. In baculovirus-infected
lepidopteran cells, apoptosis and global protein synthesis shutdown are major mechanisms of
intracellular innate immunity that inhibit viral replication. In contrast, baculoviruses have evolved
diverse genes and mechanisms to counter the antiviral immunity activated in infected cells. In this
review, we summarize the current knowledge of the cellular antiviral pathways and the baculovirus
genes that modulate antiviral immunity. The studies highlighted illustrate a high degree of diversity in
both the cellular responses against viral infections and viral responses against intracellular antiviral
immunity, providing an important basis of further studies in this ﬁeld.
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Ikeda).Introduction
Innate immunity is essential for insects to survive infections of
pathogens, including viruses, since insects lack adaptive immunity
of vertebrates that provides a host defense mechanism more
M. Ikeda et al. / Virology 435 (2013) 1–132potent and speciﬁc than innate immunity. Insects possess various
types of surface barriers, which may be physical, chemical, or
biological, as the ﬁrst line of defense against invasion by patho-
genic organisms. The surface barrier includes the cuticle of the
exoskeleton, the linings of the trachea, the stomodeum and the
proctodeum, the peritrophic membrane and the midgut epithe-
lium. The midgut lumen also acts as a barrier against invading
pathogens. Once pathogens breach a surface barrier and gain entry
into insects, the second line of innate immunity at the cellular and
molecular levels is activated in the hemocoel. When successful, this
eliminates the pathogens from the infected insects and prevents
their propagation and spread. In contrast, pathogens have evolved a
variety of mechanisms to suppress or evade the activated innate
immunity in the hemocoel. Most studies on insect innate immunity
have focused on bacterial and fungal infections (Ferrandon et al.,
2007; Kanost et al., 2004; Lemaitre and Hoffmann, 2007). Recently,
studies are also advancing on the mechanism of insect defenses
against RNA viruses (Kemp and Imler, 2009; Lemaitre and
Hoffmann, 2007; Sabin et al., 2010; Steinert and Levashina, 2011).
Our understanding of innate immunity of insects against DNA
viruses has been mainly derived from baculovirus infections of
cultured cells and larvae of Lepidoptera.
Baculoviruses, members of the family Baculoviridae, comprise a
diverse group of large enveloped DNA viruses that are speciﬁcally
pathogenic to arthropods, including insects. They have large circular
double-stranded DNA genomes of approximately 80–180 kbp,
which encode 100–200 predicted proteins (Herniou et al., 2012).
They contain a number of genes that are unique to individual
baculovirus species or for certain lineages of baculoviruses, as well
as sets of genes conserved in all baculoviruses sequenced to date
(van Oers and Vlak, 2007). In addition, baculovirus genomes exhibit
a high level of plasticity and gene acquisitions and losses have
occurred frequently during baculovirus evolution (Herniou et al.,
2003). Genome-wide surveys of baculovirus orthologues of cellular
genes in the silkworm, Bombyx mori, and other insects have revealed
that a considerable proportion of baculovirus genes are derived from
their hosts (Hughes and Friedman, 2003; Katsuma et al., 2008). Such
baculovirus genes captured from host insects contribute to baculo-
virus diversity and some have been adapted to counter host defense
responses against virus infection, as seen with iap (inhibitor of
apoptosis) and p35 genes (Herniou et al., 2003; Hughes, 2002;
Hughes and Friedman, 2003; Means and Clem, 2008). Others are
involved in modulating host physiology and behavior such as egt
(ecdysteroid UDP-glucosyl transferase) and ptp (protein tyrosine
phosphatase) (Hoover et al., 2011; Kamita et al., 2005; Katsuma
et al., 2012; O’Reilly and Miller, 1989; Thiem, 2009). Baculoviruses
and insects thus provide a fascinating model system for studying the
co-evolution of animals and their pathogens.
In baculovirus-infected cells, global protein synthesis shutdown
and apoptosis serve as two major intracellular innate antiviral
mechanisms (Clarke and Clem, 2003a; Clem, 2005; Thiem, 2009).
In this review, we summarize our current understanding of baculo-
virus genes that modulate intracellular antiviral immunity activated
in baculovirus-infected lepidopteran cells, and provide a basis for
further studies of molecular mechanisms underlying baculovirus
strategies that have evolved for the suppression or evasion of the
antiviral immunity in infected cells. For additional information on
baculovirus molecular biology see Rohrmann (2011).Interactions between baculoviruses and insect cells
Baculoviruses generally exhibit a high degree of host speciﬁcity
and their host range is usually restricted to the insect species from
which the baculovirus was originally isolated and its close relatives.
Despite their high degree of host speciﬁcity, baculoviruses arecapable of entering a phylogenetically broad range of insect cells
(Miller and Lu, 1997; Morris and Miller, 1993; Shirata et al., 1999).
After entry into cells, individual baculoviruses interact differently
with different insect cell lines, resulting in various types of abortive
(non-productive) as well as productive infections (Castro et al.,
1997; Morris and Miller, 1993; Shirata et al., 1999, 2004, 2010).
The baculovirus infection cycle consists of several sequential
steps, including entry of the infected viruses into cells, early gene
expression, DNA replication, late gene expression, morphogenesis
and release of budded virus (BV), very late gene expression, and
the formation of occlusion bodies (OBs) which contain occluded
virus (OV) that has a phenotype different from that of BV (Morris
and Miller, 1993; Shirata et al., 1999). In productive infections,
viral genes of different temporal classes, including immediate
early, delayed early, late, and very late genes, are expressed
sequentially in a cascade fashion, and abundant BV and OB are
produced. In abortive infections, on the other hand, infection is
blocked at a certain step of the infection cycle. Although abortive
infection can occur even at a step prior to the expression of viral
immediate early genes, due to lack of viral entry to the cells
resulting from insufﬁcient fusion activity of GP64 protein (Katou
et al., 2001, 2006, 2010), viral infection frequently aborts at a step
prior to viral DNA replication or to viral late protein synthesis.
Abortive infections may result from incompatibility between viral
and cellular factors involved in virus replication or from activa-
tion of innate antiviral responses, which include apoptosis and
global protein synthesis shutdown, in infected cells.Baculoviruses and global protein synthesis shutdown
In some baculovirus abortive infections, both cellular and viral
protein synthesis are completely suppressed or dramatically
reduced after infection. Such baculovirus-induced global protein
synthesis shutdown has been found in the Lymantria dispar cell line
Ld652Y infected with Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) (Guzo et al., 1991, 1992; McClintock and
Dougherty, 1987; McClintock et al., 1986), B. mori cell lines BmN
and BmN-4 infected with AcMNPV and Hyphantria cunea MNPV
(HycuMNPV), respectively (Kamita et al., 1993; Shirata et al., 2004),
and the Trichoplusia ni cell line Tn368 infected with a recombinant
AcMNPV defective for the hcf-1 (host cell-speciﬁc factor 1) gene
(Lu and Miller, 1996; Table 1). The global protein synthesis shut-
down places the infected cells, as well as the viruses, at a serious
disadvantage, and abrogates progeny virus production in infected
cells, and thereby serves as a mechanism for innate antiviral
immunity (Thiem, 2009). The shutdown of global protein synthesis
is thus distinct from the host cell protein synthesis shutdown
generally observed late in baculovirus infection (Schultz and
Friesen, 2009; Schultz et al., 2009; Xue et al., 2012), which provides
an advantage to the viruses in hijacking the metabolic precursors
and synthetic machinery of infected cells and focusing them on
progeny virus production and may occur, in part, due to the
extensive multiplication of progeny viruses. The mechanisms and
viral and cellular factors involved in the global protein synthesis
shutdown observed in baculovirus-infected cells exhibit striking
diversity among baculovirus-insect cell combinations.Baculovirus genes modulating global protein synthesis
shutdown
LdMNPV hrf-1 and AcMNPV p35
Ld652Y cells are non-permissive for AcMNPV, and AcMNPV-
infected Ld652Y cells induce global protein synthesis shutdown
Table 1
Antiviral immunity of lepidopteran cells to NPV infections.
Cells Origin (insect species) Nucleopolyhedrovirusesa References
Protein synthesis shutdown
Ld652Y Lymantria dispar AcMNPV McClintock et al. (1986)
BmN Bombyx mori AcMNPV Kamita et al. (1993)
BmN-4 B. mori HycuMNPV Shirata et al. (2004)
TN368 Trichoplusia ni vAcDhcf-1 Lu and Miller (1996)
Apoptosis
BM-5 B. mori AgMNPV Castro et al. (1997)
CcE-1 Chrysodeixis chalcites AcMNPV, HearSNPV Xu et al. (2010)
CF-203 Choristoneura fumiferana AcMNPV Palli et al. (1996)
CLS-79 Spodoptera littoralis SeMNPV Yanase et al. (1998)
High Five T. ni HearSNPV Dai et al. (1999); unpublishedb
Hv-AM1 Heliothis virescens BmNPV, SeMNPV Ogembo et al. (2008b)
Hz-AM1 Helicoverpa zea SeMNPV Ogembo et al. (2008a)
Ld652Y L. dispar BmNPV, HycuMNPV, SeMNPV, Ishikawa et al. (2003)
OpMNPV, SpltMNPV
SL2 S. littoralis AcMNPV Chejanovsky and Gershburg (1995)
SpIm Spilosoma imparilis SeMNPV Unpublishedb
a AcMNPV, Autographa californica multiple nucleopolyhedrovirus (MNPV); AgMNPV, Anticarsia gemmatalis MNPV; BmNPV, B. mori NPV; HearSNPV, Helicoverpa
armigera single nucleopolyhedrovirus (SNPV); HycuMNPV, Hyphantria cunea MNPV; LdMNPV, L. dispar MNPV; OpMNPV, Orgyia pseudotsugata MNPV; SeMNPV, Spodoptera
exigua MNPV; SpltMNPV, Spodoptera litura MNPV; vAcDhcf-1, recombinant AcMNPV defective in host cell-speciﬁc factor 1 gene.
b Unpublished results by the authors.
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Guzo et al., 1991, 1992; McClintock and Dougherty, 1987;
McClintock et al., 1986; Thiem et al., 1996). Since transcription
of viral and cellular genes and replication of viral DNA occur
normally (Guzo et al., 1992), the global protein synthesis shut-
down represents a global translation arrest. Analyses using
recombinant AcMNPV demonstrated that the AcMNPV-encoded
apoptosis suppressor P35 (Ac-P35) is involved in triggering
the global translation arrest and can be functionally substituted
with other baculovirus functional apoptosis suppressors, includ-
ing Orgyia pseudotsugata MNPV (OpMNPV) IAP3 (Op-IAP3),
Cydia pomonella granulovirus (CpGV) IAP3 (Cp-IAP3), and Spodop-
tera littoralis NPV (SlNPV) P49 (Sl-P49), suggesting that apoptosis
suppression apparently promotes global translation arrest in
AcMNPV-infected Ld652Y cells (Du and Thiem, 1997b; Thiem
and Chejanovsky, 2004). However, peptide caspase inhibitors,
such as z-DEVD-fmk, z-IETD-fmk and z-VAD-fmk, cannot sub-
stitute for Ac-P35 with respect to triggering global translation
arrest, despite their ability to suppress apoptosis of Ld652Y cells
infected with p35-defective AcMNPV (Thiem and Chejanovsky,
2004). This indicates that apoptosis suppression is required, but is
not sufﬁcient to promote global translation arrest in AcMNPV-
infected Ld652Y cells. The molecular mechanisms of the addi-
tional functional roles of Ac-P35 and other apoptosis suppressors
in triggering global translation arrest have not been deﬁned.
The global translation arrest in AcMNPV-infected Ld652Y cells
is restored by a function of a single gene hrf-1 (host range factor
1) encoded by L. dispar MNPV (LdMNPV) (Du and Thiem, 1997a,b;
Thiem et al., 1996). Recombinant AcMNPV harboring hrf-1 suc-
cessfully replicates to high titer in Ld652Y cells, which synthesize
abundant viral proteins (Thiem et al., 1996), and lethally infects
neonate L. dispar larvae (Chen et al., 1998). The hrf-1 gene encodes
a negatively charged, 218-amino-acid polypeptide that is rich in
glutamic acid and valine residues and has a predicted molecular
mass of approximately 25.7 kDa and a PI of 4.61 (Thiem et al.,
1996). A homologue of the HRF-1 has so far only been found in
OpMNPV. The OpMNPV homologue, however, is a C-terminal-
truncated version of LdMNPV HRF-1 (Ld-HRF-1), composed of
only 78 amino acid residues, and unable to functionally substitute
for Ld-HRF-1. Although Ld-HRF-1 has no characteristic motifs to
predict its possible function(s), it contains a highly acidic domain.Analyses with recombinant AcMNPVs expressing a series of
truncated and insertion-mutated Ld-HRF-1 and Ld-HRF-1 with
mutations in a highly acidic domain demonstrated that the
structure of Ld-HRF-1 is important for its function and stability
and that the acidic domain may play a functional role in Ld-HRF-1
activity in AcMNPV-infected Ld652Y cells (Ikeda et al., 2005;
Thiem, 2009).AcMNPV hcf-1
Cell line Tn368 derived from T. ni is permissive for AcMNPV.
However, when the hcf-1 gene is deleted, the mutant AcMNPV
(vAcDhcf-1) is unable to produce progeny viruses in Tn368 cells,
due to a complete cessation of cellular and viral protein synthesis
and a defect in viral DNA replication (Lu and Miller, 1996). In Sf21
cells, vAcDhcf-1 replicates normally and yields progeny viruses at
a level comparable to that of wild-type AcMNPV (Lu and Miller,
1996). The global protein synthesis shutdown in vAcDhcf-1-
infected Tn368 cells is regulated at the level of transcription,
which is distinct from the global translation arrest observed in
Ld652Y and BmN cells infected with AcMNPV and BmN-4 cells
infected with HycuMNPV (Guzo et al., 1991, 1992; Kamita and
Maeda, 1993; McClintock and Dougherty, 1987; McClintock et al.,
1986; Shirata et al., 1999, 2004).
HCF-1 was shown to be a viral factor required for the transient
expression from late viral promoters in Tn368 cells, but not in
Sf21 cells, indicating that HCF-1 is a cell line-speciﬁc late expres-
sion factor gene (lef) (Lu and Miller, 1995b). HCF-1 comprises
290 amino acid residues with a molecular mass of 34.4 kDa, and is
expressed early in infection, self-associates into a dimer or
higher-order structure, and localizes in punctate nuclear struc-
tures (Hefferon, 2003; Lu and Miller, 1995a,b; Wilson et al., 2005).
Overexpression of HCF-1 represses expression from the hcf-1
promoter in transient reporter assays. HCF-1 contains a putative
RING ﬁnger domain and a set of cysteine residues, which are
responsible for its dimerization and efﬁcient gene repression
activity, respectively (Wilson et al., 2005). Both dimerization
and gene repression are required for the activity of HCF-1 as a
late expression factor in Tn368 cells (Wilson et al., 2005).
However, the functional role of HCF-1 in Tn368 cells in precluding
M. Ikeda et al. / Virology 435 (2013) 1–134the global protein synthesis shutdown at the transcriptional level
is not known.
HycuMNPV ep32
In BmN-4 cells infected with HycuMNPV, viral DNA replication
occurs but accumulation of viral structural proteins and produc-
tion of progeny viruses are not observed, indicating that
HycuMNPV infection of BmN-4 cells aborts prior to synthesis of
viral late proteins (Shirata et al., 1999). Pulse-labeling experi-
ments with [35S]-methionine demonstrated that both viral and
cellular protein syntheses are arrested abruptly from 8 h post-
infection onward (Shirata et al., 2004). Due to HycuMNPV-
triggered global protein synthesis shutdown, HycuMNPV inter-
feres with co-infected BmNPV replication at a post-entry step
prior to viral DNA replication (Shirata et al., 2004).
A genetic screening demonstrated that the HycuMNPV-
encoded ep32 gene (hycu-ep32) is involved in global protein
synthesis shutdown in HycuMNPV-infected BmN-4 cells (Shirata
et al., 2010). The hycu-ep32 is predicted to encode a polypeptide
of 312 amino acid residues, in which no characteristic motifs
to suggest its possible functions are present. A homologue is
only found in OpMNPV. The hycu-ep32 is an early gene and its
expression peaks by 6 h post HycuMNPV infection in both
permissive Spilosoma imparilis (SpIm) and non-permissive
(BmN-4) cell lines. The hycu-ep32-defective HycuMNPV (vHy-
cuDep32) could be generated, indicating that hycu-ep32 is a
non-essential gene in HycuMNPV-infected SpIm cells, and infec-
tion of vHycuDep32 into BmN-4 cells causes no speciﬁc protein
synthesis shutdown, and manifests no substantial adverse effects
on the replication of co-infected BmNPV (Shirata et al., 2010).
These results indicate that hycu-ep32 causes, directly or indirectly,
global protein synthesis shutdown in BmN-4 cells, and thereby
restricts replication of co-infected BmNPV. Interestingly, there are
no signiﬁcant differences between vHycuDep32 and wild-type
HycuMNPV in their infectivity or productivity in cell lines BmN-4,
Se301, Sf9 and SpIm (Suganuma, unpublished). The mechanisms
by which Hycu-EP32 induces global protein synthesis shutdown
in BmN-4 cells remain to be explored.
p143
BmN cells infected with AcMNPV exhibit atypical cytopathic
effects and viral and cellular protein syntheses are attenuated by
5 h post-infection and completely blocked by 24 h post-infection,
without signiﬁcant suppression of viral gene transcription
(Kamita and Maeda, 1993). This global translation arrest does
not occur following infection with AcMNPV that harbors p143
gene derived from BmNPV (bm-p143) (Kamita and Maeda, 1993,
1996). Subsequent analysis demonstrated that substitution of
only two or even a single amino acid residue of AcMNPV P143
(Ac-P143) with the corresponding Bm-P143 amino acid residues
is sufﬁcient to preclude the global translation arrest of AcMNPV-
infected BM-N cells (Argaud et al., 1998; Croizier et al., 1994;
Kamita and Maeda, 1997), indicating that Ac-P143 is involved,
directly or indirectly, in the global translation arrest in BmN cells
and thereby can be one of the determinants of host range
speciﬁcity.
Analyses have been conducted to determine whether P143
is also involved in the host range determination in other
baculoviruses, which may result from the global translation
arrest. Substitution of P143 proteins between different baculo-
viruses has been generally unsuccessful. Both P143 proteins
from OpMNPV (Op-P143) and SeMNPV fail to functionally sub-
stitute for Ac-P143 in transient DNA replication assays in cell
lines Sf9 and Sf21, respectively (Ahrens and Rohrmann, 1996;Heldens et al., 1997), while Ac-P143 substitutes for Op-P143 and
supports viral DNA replication to about 50% of the level replicated
with Op-P143 in Ld652Y cells (Ahrens and Rohrmann, 1996).
Similarly, a T. ni GV (TnGV) homologue of P143, P137, is unable to
substitute for Ac-P143 in T. ni cells and larvae (Bideshi and
Federici, 2000), despite the fact that both AcMNPV and TnGV
replicate efﬁciently in T. ni larvae.
Unsuccessful substitutions of P143 among baculoviruses
might be due to its requirement for interactions with viral
proteins from other baculoviruses. p143 is one of the core genes
encoded by all baculoviruses sequenced to date (http://www.
ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10442;
Garavaglia et al., 2012) and represents an early gene essential for
viral DNA replication (Gordon and Carstens, 1984; Lu and
Carstens, 1991). P143 is a helicase homologue (Lu and Carstens,
1991; McDougal and Guarino, 2000) that is capable of binding to
double-stranded, but not to single-stranded, DNAs in a sequence-
independent manner (Laufs et al., 1997). P143 must be trans-
ported into the nucleus by late expression factor 3 (LEF3) to form
a viral DNA replication complex that localizes in virogenic stroma
(Chen and Carstens, 2005; Evans et al., 1999; Ito et al., 2004;
Nagamine et al., 2006, 2011; Wu and Carstens, 1998), where viral
DNA replication and morphogenesis occur. Efﬁcient interactions
of P143 with LEF3 and several other viral factors associated with
viral DNA replication are required for its successful transport into
the nucleus and contribution to viral DNA replication (Yu and
Carstens, 2012). Whether global translation arrest is induced in
some of these cell lines infected with heterologous NPVs, other
than AcMNPV-infected BmN cells, has not yet been determined.
Recently, it was found that P143 is involved in rRNA degrada-
tion in B. mori BM-N cells infected with heterologous NPVs. rRNA
of BM-N cells undergoes dramatic degradation through site-
speciﬁc cleavage upon infection with various NPVs, including
AcMNPV, HycuMNPV, Spodoptera exigua MNPV (SeMNPV) and
Spodoptera litura MNPV (SpltMNPV) (Fujita et al., 2005; Hama-
jima, unpublished; Fig. 1). No signiﬁcant rRNA degradation was
observed in cell lines Ld652Y, S. exigua Se301, Sf9 and Drosophila
melanogaster S2 infected with AcMNPV and HycuMNPV, indicat-
ing that BM-N cells activate a unique innate antiviral immunity
not observed in other insect cells. Genetic screening using a
HycuMNPV genomic cosmid library in a transient expression
assay identiﬁed p143 as a gene that encodes a viral factor
responsible for rRNA degradation in HycuMNPV-infected BM-N
cells (Hamajima, unpublished).
HRF-1 and HCF-1 are essential viral factors for productive
NPV infections and function in a cell line-speciﬁc manner
Studies with several different NPVs have demonstrated that
HRF-1 and HCF-1 function in an insect species-speciﬁc manner to
prevent the global protein synthesis shutdown in NPV-infected
cells, and represent essential viral factors required for productive
infection of NPVs in Ld652Y and Tn368 cells, respectively. Ld652Y
cells transiently expressing HRF-1 support replication of not only
AcMNPV but also BmNPV, HycuMNPV, and SeMNPV, which
normally result in abortive infections (Ishikawa et al., 2004).
Conﬁrming these results, recombinant HycuMNPV and BmNPV
harboring hrf-1 replicate successfully in Ld652Y cells, yielding
signiﬁcant amounts of progeny viruses (Ishikawa et al., 2004,
2006). These studies also demonstrated that global translation
arrest is not induced in Ld652Y cells upon infection with the
recombinant viruses harboring hrf-1.
Similar results have been obtained for HCF-1. Among
examined BmNPV, HycuMNPV, LdMNPV, OpMNPV, SeMNPV and
SpltMNPV that are non-productive in Tn368 cells, HycuMNPV and
OpMNPV, as well as hcf-1-defective AcMNPV, show signiﬁcant
Fig. 1. rRNA degradation in B. mori BM-N cells infected with AcMNPV. BM-N cells
were infected with AcMNPV at a multiplicity of infection of 1, and total RNAs were
then isolated from AcMNPV-infected BM-N cells at 0, 4, 8, and 24 h post-infection
using an RNeasy Mini kit (Qiagen) and QIAcube (Qiagen). The RNAs were analyzed
by electrophoresis using a MultiNA (Shimadzu) according to the manufacturer’s
instructions. The location of molecular size markers is indicated on the left of the
panel. The strong bands of approximately 2000 nucleotides (nt) consist of
three RNA molecules, two 28S rRNA cleavage fragments and an 18S rRNA
(cf., Winnebeck et al., 2010). Two site-speciﬁc cleavage fragments of approxi-
mately 1500 and 1400 nt in length, which appear consistently during the rRNA
degradation, are indicated on the right of the panel.
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produce the major capsid protein VP39 and polyhedra (Nanba,
unpublished). Since HycuMNPV and OpMNPV are able to replicate
viral DNA in Tn368 cells while Tn368 cells do not support viral
DNA replication of BmNPV, LdMNPV, SeMNPV and SpltMNPV, it is
likely that viral DNA replication or an event related to viral DNA
replication is a prerequisite for HCF-1 to perform its function
successfully in precluding the global protein synthesis shutdown
in infected Tn368 cells.
These facts exempliﬁed by HRF-1 and HCF-1 indicate that during
their evolution, some baculoviruses appear to obtain novel hosts
and/or to expand host range by capturing or evolving genes
encoding factors like HRF-1 and HCF-1, which counter antiviral
responses of infected cells in an insect species-speciﬁc manner. It is
possible that additional viral factors with functional roles similar to
HRF-1 and HCF-1 remain to be discovered from uncharacterized
NPVs.Apoptosis induction in baculovirus-infected cells
Baculoviruses and apoptosis
Apoptosis is a genetically controlled cell death process in
response to a variety of apoptotic stimuli and plays a vital role
in the development, tissue homeostasis and cellular defense of
multicellular organisms, by eliminating unwanted, infected, or
damaged cells. In virus-infected animals, apoptosis induced early
in infection is utilized as an antiviral defense to inhibit viral
replication and dissemination in infected animals. In contrast,
apoptosis induced late in infection appears to serve as a viralstrategy to promote virus dissemination within infected animals
(Roulston et al., 1999).
Baculovirus-induced apoptosis was ﬁrst discovered in a study
with a mutant AcMNPV harboring a defective p35 gene, indicating
that AcMNPV triggers apoptosis while encoding an apoptosis
suppressor Ac-P35 (Clem et al., 1991). Subsequently, it was found
that a wide variety of wild-type NPVs trigger apoptosis in certain
combinations of NPVs and insect cells (Table 1), including Ld652Y
cells, which undergo apoptosis upon infection with various NPVs
(Ishikawa et al., 2003). Collectively, these ﬁndings indicate that
insect cells normally induce apoptosis upon infection with bacu-
loviruses and that apoptosis induced by these infections is
suppressed by baculovirus-encoded apoptosis suppressors. This
is evidenced by the fact that p35-defective AcMNPV triggers
apoptosis in a wide variety of insect cell lines, irrespective of
their permissiveness for progeny virus production (Clem, 2007),
and that RNAi-mediated silencing of functional viral apoptosis
suppressor genes induces apoptosis in baculovirus-infected cells
(Ikeda et al., 2004; Means et al., 2003; Yamada et al., 2011).
Mechanism of apoptosis induction by baculoviruses
Virus-infected cells induce apoptosis by activating apoptotic
machinery, which may be evoked either by the function of
particular viral genes or by speciﬁc events associated with and/
or caused by viral infection. In AcMNPV-induced apoptosis, viral
binding to host cells alone is insufﬁcient to trigger apoptosis and
viral entry into host cells is required (LaCount and Friesen, 1997).
One or more early genes essential for viral DNA replication have
been suggested to trigger apoptosis of insect cells in transient
DNA replication assays (Kool et al., 1994; Lu and Miller, 1995a,b)
and IE1 was identiﬁed as an apoptosis inducer of Sf21 cells in a
transient expression assay (Prikhod’ko and Miller, 1996, 1999).
RNAi-mediated silencing of viral genes in p35-defective AcMNPV-
infected Sf21 cells has demonstrated that each of the lefs involved
in viral DNA replication (ie-1/ie-0, p143, lef-1, lef-2, lef-3, lef-11,
dnapol) is required for triggering apoptosis of AcMNPV-infected
Sf21 cells, while none of the lefs tested that are involved in late
gene expression (p47, lef-8, lef-9, pp31) has pro-apoptotic func-
tion. This indicates an important role of viral DNA replication,
rather than viral late gene expression, in apoptosis induction of
AcMNPV-infected Sf21 cells (Schultz and Friesen, 2009; Schultz
et al., 2009). Collectively, these results suggest that the apoptosis
of AcMNPV-infected Sf21 cells is triggered by certain viral early
genes in a DNA replication-independent manner, and is then
enhanced by viral DNA replication itself or events related to the
replication of viral DNA (Clem and Miller, 1994; LaCount and
Friesen, 1997; Prikhod’ko and Miller, 1996).
The requirement of viral DNA replication for massive apoptosis
induction in infected cells is consistent with apoptosis induction
in the Helicoverpa armigera cell line HaPO1 infected with
H. armigera SNPV (HearSNPV) and the Heliothis virescens cell
line Hv-AM1 infected with BmNPV, HycuMNPV and SeMNPV
(Ogembo et al., 2008a,b). In contrast, apoptosis in the cell lines
Ld652Y and B. mori BM-5 triggered by SpltMNPV and Anticarsia
gemmatalis MNPV (AgMNPV) infections, respectively, is induced
without viral DNA replication (Castro et al., 1997; Ishikawa et al.,
2003; Lavin˜a et al., 2001; Lavin˜a-Caoili et al., 2001), suggesting
that there are multiple apoptosis induction mechanisms in
baculovirus-infected insect cells (Kelly et al., 2008).
Lepidopteran cells possess genes encoding IAP proteins with
anti-apoptotic activity (Huang et al., 2000, 2001; Seshagiri et al.,
1999). In AcMNPV-infected Sf21 cells, rapid depletion of cellular
IAP is triggered by viral DNA replication possibly mediated in part
by the proteasome, and thereby leads to apoptosis of virus
infected cells (Cerio et al., 2010; Vandergaast et al., 2011). These
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of the B. mori orthologue of cellular IAP1 (cBm-IAP1) induces
apoptosis, activating an endogenous initiator caspase Dronc (Bm-
Dronc) of BM-N cells (Suganuma et al., 2011; Iwamoto, unpub-
lished). It was further demonstrated that the IAP-binding motif 1
(ibm1) of the B. mori homologue of the Drosophila Reaper protein
binds to cBm-IAP1 in transient expression assays in Sf21 cells and
induces apoptosis not only in Sf9 cells, but also in dipteran S2 andTable 2
Anti-apoptotic activities of apoptosis suppressors of baculoviruses.
Baculovirusesa iap1 iap2 iap3 iap4 iap5 apsup p35 p49
AcMNPV b, c c, d  þ
AgMNPV ND ND þ
AnpeMNPV þ 
BmNPV   7
EppoMNPV 7 þ  
HycuMNPV   þ
OpMNPV   þe 
HearSNPV  þ
LdMNPV   þ
LsMNPV  þ þ
SlNPV 7 þ
SpltMNPV  þ
CpGV  þ  f
a AcMNPV, A. californica MNPV; AgMNPV, A. gemmatalis MNPV; AnpeMNPV, Anthe
HycuMNPV, H. cunea MNPV; OpMNPV, O. pseudotsugata MNPV; HearSNPV, H. armig
S. littoralis MNPV; SpltMNPV, Spodoptera litura MNPV; CpGV, Cydia pomonella GV.
b  , No anti-apoptotic activity; þ , anti-apoptotic activity; 7 , activity to delay apo
c Anti-apoptotic activity in HearSNPV-infected High Five cells.
d Anti-apoptotic activity in H. zea nudivirus 1 hhi1 gene-induced apoptosis in Sf21
e No anti-apoptotic activity in Drosophila S2 cells.
f Stimulation of Cp-IAP3 activity.
Fig. 2. Apoptotic pathway in insect cells infected with baculovirus. Baculovirus
infection induces apoptotic signals, which regulate the IAP antagonists, such as
Reaper, Hid and Grim in Drosophila. The IAP antagonist causes the ubiquitin-
mediated degradation of cellular IAP, which functions as an initiator caspase
inhibitor, thereby activating initiator caspase. Activated initiator caspase cleaves
and activates downstream effector caspases, which execute apoptosis by cleaving
a variety of cellular proteins. Op-IAP3 suppresses apoptosis through binding to the
Drosophila IAP antagonists, Reaper, Hid and Grim. In contrast, the transient
expression of Hycu-IAP3 in BM-N cells results in remarkable reduction of an
endogenous initiator caspase, Bm-Dronc, suggesting that Hycu-IAP3 suppresses
apoptosis through the degradation of Bm-Dronc. Our results (unpublished)
indicate that Apsup inhibits activation of initiator caspase, Ld-Dronc expressed
transiently. P49 inhibits the activity of both initiator and effector caspases, while
P35 inhibits only effector caspase.C6/36 cells in a transient expression assay (Bryant et al., 2009).
Taken together, these results suggest that the apoptotic signaling
pathway of lepidopteran cells exhibits similar evolutionary con-
servation as that of dipteran cells (Fig. 2).
Recently, cDNAs encoding a p53 homologue were cloned from
B. mori and S. frugiperda and it was found that S. frugiperda P53
(Sf-P53) triggers apoptosis in Sf9 cells in a transient assay (Huang
et al., 2011a). In Sf9 cells infected with p35-defective AcMNPV, a
DNA damage response was stimulated that was dependent upon
viral DNA replication and resulted in the accumulation of a large
amount of Sf-P53 in infected cells. Inhibition of DNA damage
response by chemical inhibitors prevented the increase in Sf-P53,
and resulted in the decreased production of progeny viruses
(Huang et al., 2011b). However, RNAi-mediated silencing of sf-
p53 did not suppress apoptosis triggered by p35-deﬁcient
AcMNPV, suggesting that Sf-P53 is not involved in apoptosis
modulation in infected Sf9 cells (Huang et al., 2011b).Baculovirus apoptosis suppressors
Baculoviruses originally were demonstrated to encode two
families of apoptosis suppressor proteins, P35 and IAP (Table 2). A
highly divergent P35 homologue, P49, was identiﬁed in SlNPV (Sl-
P49) and several other NPVs. P49 and P35 act by an overall similar
mechanism but its details differ between P49 and P35, and P49
proteins can be placed in a subfamily of P35 proteins. A P35
homologue (369 amino acids (aa)) larger than Ac-P35 (299 aa)
and smaller than Sl-P49 (446 aa) has also been identiﬁed from
Choristoneura occidentalis GV (Escasa et al., 2006). Homologues of
P35/P49 are found in only a few baculoviruses, whereas nearly all
baculoviruses sequenced to date encode IAP homologues and
these are members of several distinct lineages (IAP 1–5) (Table 2
and see below). Whereas the original iap genes were identiﬁed by
their ability to block apoptosis, it was found that in contrast to
blocking apoptosis, IAP1s from various NPVs, including AcMNPV,
BmNPV, HycuMNPV and OpMNPV, and IAP2 and IAP3 from
LdMNPV trigger apoptosis in several insect cell lines in transient
expression assays (Ikeda et al., 2011; Yamada et al., 2012).
Whether these IAPs serve as pro-apoptotic proteins and facilitate
the dissemination of virions in late periods of baculovirus infec-
tion remains to be explored.References
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Apsup (apoptosis suppressor), was found from LdMNPV (Yamada
et al., 2011). This virus also encodes homologues of iap2 and iap3
but they apparently do not function in apoptosis suppression
(Yamada et al., 2012).
Orthologues of IAP are encoded by two types of viruses
that are related to baculoviruses including Heliothis zea nud-
ivirus and a non-classiﬁed, non-occluded Musca domestica virus
which causes salivary gland hypertrophy (Cheng et al., 2002;
Garcia-Maruniak et al., 2008; Jehle et al., 2012). Outside the
baculoviruses, Amsacta moorei entomopoxvirus encodes a P35
homologue, AmVp33 (Means et al., 2007), and a single IAP
homologue (Li et al., 2005a,b). H. virescens ascovirus, Chilo
iridescent virus, and African swine fever virus which is able to
replicate in both swine and the parasitic soft tick, Omithodoros
moubats, also possess iap genes (Hussain and Asgari, 2008; Jakob
et al., 2001; Ya´n˜ez et al., 1995). Interestingly, neither of these
apoptosis suppressor homologues has been found in viruses
whose replication is restricted to vertebrates (Clem, 2007;
Thiem, 2009).
P35
The p35 was the ﬁrst anti-apoptotic gene discovered from
baculoviruses (Clem et al., 1991). Infection of the cell line Sf21
with AcMNPV harboring a deleted or defective p35 gene results
in apoptosis, producing little, if any, progeny viruses (Clarke
and Clem, 2003b; Clem and Miller, 1993; Clem et al., 1991;
Hershberger et al., 1992; Ishikawa et al., 2003). In contrast, Sf21
cells infected with wild-type AcMNPV yield a high titer of BV and
large numbers of OVs. Homologues of Ac-P35 have been found in
BmNPV, Culex nigripalpus NPV, Leucania separataMNPV (LsMNPV),
Maruca vitrata MNPV (MaviMNPV), T. ni MNPV and Clostera
anachoreta GV (Afonso et al., 2001; Brand et al., 2011; Dai et al.,
1999; Kamita et al., 1993; Liang et al., 2011; Qi et al., 2001).
Although P35 is thought to be of host origin, cellular homologues
have not been found (Herniou et al., 2003; Means and Clem,
2008).
Ac-P35 is synthesized during both early and late phases of
AcMNPV infection, localizes in the cytoplasm (Hershberger et al.,
1994), and suppresses apoptosis by directly inhibiting the pro-
teolytic activity of caspases (Xue and Horvitz, 1995). Ac-P35
inhibits a wide range of caspases, including human caspases-1,
–3, -6, -7, -8, and -10, Sf-caspase-1, and DrICE (Ahmad et al.,
1997; Fraser et al., 1997; Zhou et al., 1998), but is unable to
inhibit initiator caspases, such as human caspase-9, Dronc, or
Sf-caspase-X (LaCount et al., 2000; Meier et al., 2000; Vier et al.,
2000; Fig. 2). P35 is an inhibitor substrate of effector caspases
(Bump et al., 1995; Xue and Horvitz, 1995) and must be cleaved
by caspases for its anti-apoptotic activity (Bertin et al., 1996). It is
cleaved by target caspases immediately following Asp87 of the
cleavage motif 84DQMD87 within the reactive-site loop, producing
two Ac-P35 fragments that remain irreversibly associated with
their target caspases, forming a stable complex exhibiting no
caspase activity (Eddins et al., 2002; Xu et al., 2001). In the
effector-caspase/Ac-P35 complex, Ac-P35 molecule shifts toward
a loop that is conserved in effector caspases, but not in initiator
caspases, which strengthens interactions between Ac-P35 and
caspases and may explain the preference of Ac-P35 for inhibiting
effector caspases, but not initiator caspases (Eddins et al., 2002).
Unlike a number of insect cells infected with p35-defective
AcMNPV, BmN cells infected with p35-defective BmNPV exhibit
apoptosis-like cytopathology only early in infection, but the cells
recover afterward, yielding substantial amounts of BVs and OBs
(Kamita et al., 1993), suggesting lower anti-apoptotic potency of
BmNPV P35 (Bm-P35) relative to Ac-P35. Comparative analysis inmammalian cells revealed that Bm-P35 is a less efﬁcient apopto-
sis inhibitor and a poorer substrate for caspases than Ac-P35
(Morishima et al., 1998). Whether the observed differences
between Bm-P35 and Ac-P35 in anti-apoptotic activity are due
to the difference in cleavage motifs, 84DKID87 in Bm-P35 and
84DQMD87 in Ac-P35, remains inconclusive. The MaviMNPV
homologue of P35 (Mavi-P35) has a cleavage motif 84TQFD87
distinct from Ac-P35 84DQMD87 and in contrast to Ac-P35 exhibits
no signiﬁcant inhibitory activity against mammalian caspases-8
and -10, although the overall proﬁle of substrate speciﬁcity of
both P35 proteins are similar (Brand et al., 2011).
Recently, it was found that the activity of effector caspases are
elevated in non-apoptotic Tn368 cells infected with p35-defective
AcMNPV, and BV propagated in the infected TN368 cells lose their
stability and infectivity more quickly than those propagated in
revertant AcMNPV-infected cells, suggesting a novel aspect of the
role of apoptosis in antiviral defense. These results also suggest a
novel role of Ac-P35 protein in producing robust virions in
infected cells, in which caspase is activated without triggering
apoptosis (Bryant and Clem, 2009).
P49
P49 was ﬁrst found in SlNPV as a P35 homologue that
suppresses the apoptosis induced in p35-defective AcMNPV-
infected Sf9 cells (Du et al., 1999; Pei et al., 2002). Homologues
of Sl-P49 have subsequently been identiﬁed in SpltMNPV (Yu
et al., 2005, 2008; Lin et al., 2010) and LsMNPV (Kim et al., 2007).
Like P35, Sl-P49 is cleaved by target caspases and stably associ-
ates with the caspases for its inhibitory activity. However, unlike
P35, Sl-P49 inhibits initiator caspases as well as effector caspases
from insects and mammals (Jabbour et al., 2002; Pei et al., 2002;
Zoog et al., 2002; Fig. 2). In contrast to Ac-P35 which is a
monomeric, monovalent caspase inhibitor, Sl-P49 functions as a
homodimer, binding simultaneously to two caspase molecules
(Guy and Friesen, 2008). Differences are also observed in the
cleavage motifs, 91TVTD94 for Sl-P49 and 84DQMD87 for Ac-P35.
In addition, the Ac-P35 motif is unable to functionally substitute
for the Sl-P49 motif, indicating that Sl-P49 requires 91TVTD94 to
ensure inhibitory activity of initiator caspases. In contrast, Ac-P35
with the cleavage motif of Sl-P49 91TVTD94 in place of its own
cleavage motif 84DQMD87 does not alter the preference for
effector caspases, indicating that 91TVTD94 alone is not sufﬁcient
to confer the inhibitory activity against initiator caspases (Guy
and Friesen, 2008). SpltMNPV P49 (Splt-P49) contains the same
cleavage motif (91TVTD94) as Sl-P49 (Yu et al., 2005), but the motif
of LsMNPV P49 (Ls-P49) (71KKLD74) differs from those of Sl-49
and Splt-P49 (Kim et al., 2007). Although Ls-P49 suppresses
apoptosis of Sf9 cells induced by p35-defective AcMNPV DNA
and actinomycin D (Kim et al., 2007), whether the cleavage motif
71KKLD74 is also involved in the speciﬁcity of P49 that inhibits
both initiator and effector caspases is not known.
IAP
IAPs were ﬁrst discovered in baculoviruses as apoptosis
suppressors during genetic complementation assays in Sf9 or
Sf21 cells infected with a p35-mutant AcMNPV (Birnbaum et al.,
1994; Crook et al., 1993). Cellular homologues of baculovirus IAPs
were subsequently identiﬁed in a wide variety of organisms,
including yeast, nematodes, insects and mammals (Duckett
et al., 1996; Fraser et al., 1999; Uren et al., 1998, 1999). Functional
analyses have revealed that cellular IAPs not only function as
apoptosis suppressors but also play a role in a variety of non-
apoptotic events including cellular survival and differentiation
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Meier, 2009).
Baculovirus-encoded iap genes are classiﬁed into ﬁve groups,
from iap1 to iap5, based on their sequence homology (Luque et al.,
2001). iap1–4 are distributed in both NPVs and GVs, whereas
iap5 is encoded only by GVs (Clem, 2007). Individual baculo-
viruses generally encode multiple iaps, each of which belongs to
different iap groups, and only limited members of baculovirus
IAPs have been shown to be involved in apoptosis suppression
(Table 2). IAP3 exhibits anti-apoptotic activity in most baculo-
viruses, including AgMNPV, HycuMNPV, OpMNPV, HearSNPV,
LsMNPV, and CpGV (Birnbaum et al., 1994; Carpes et al., 2005;
Crook et al. 1993; Ikeda et al., 2004; Kim et al., 2007; Liang et al.,
2012). In contrast, anti-apoptotic activity is found only in IAP1
and IAP2 in Antheraea pernyi MNPV (AnpeMNPV) and Epiphyas
postvittana MNPV (EppoMNPV), respectively (Maguire et al.,
2000; Yan et al., 2010). EppoMNPV IAP1 and SlNPV IAP4 do not
block apoptosis, but delay the onset of apoptosis induced by p35-
deﬁcient AcMNPV (Liu et al., 2003; Maguire et al., 2000). Further-
more, CpGV IAP5 stimulates the anti-apoptotic activity of Cp-IAP3
(Vilaplana and O’Reilly, 2003; Table 2). The molecular mechan-
isms for the suppression of apoptosis by baculovirus IAPs have
not been well documented (Clarke and Clem, 2003a; Clem, 2007;
Harvey et al., 1997).
Recently, it was found that AcMNPV IAP1 and IAP2 (Ac-IAP1
and Ac-IAP2, respectively), which have no signiﬁcant anti-
apoptotic activity in p35-defective AcMNPV-infected Sf21 cells
(Birnbaum et al., 1994; Clem and Miller, 1994; Crook et al., 1993;
Grifﬁths et al., 1999), are able to suppress apoptosis of High
Five cells induced by HearSNPV infection (Zeng et al., 2009).
Apoptosis of Sf21 cells induced by the Heliothis zea nudivirus 1
hhi1 gene is also suppressed by Ac-IAP2, but not by Ac-IAP1 (Wu
et al., 2011). Together, these facts suggest that anti-apoptotic
functions of baculovirus IAPs are dependent on cell-lines and virus
species in combinations, possibly reﬂecting diversity, with respect
to their variety and potency, of cellular and viral factors involved in
regulation of apoptosis (Clem, 2007). Moreover, a recombinant
AcMNPV lacking the ac-iap1 gene out-competes ac-iap1-carrying
AcMNPV in Tn368 cells, but not in Sf21 cells (McLachlin et al.,
2001), opening the possibility that subsets of baculovirus IAPs may
have alternate functions in unidentiﬁed biological events distinct
from the apoptotic events in cells infected with baculoviruses.
The IAP proteins are characterized by the presence of one to
three baculovirus IAP repeat (BIR) domains in the N-terminal
region and a RING ﬁnger domain in the C-terminal region (Mace
et al., 2010; Vaux and Silke, 2005). The BIR domain is unique for
IAPs and each BIR domain consists of approximately 70 amino
acids, whereas the IAP RING ﬁnger domain has a sequence of
approximately 40 amino acids. The BIR domains mediate interac-
tions between IAPs and various proteins, including those respon-
sible for apoptosis regulation. The RING ﬁnger domain of IAPs
serves as an E3 ubiquitin ligase to promote ubiquitin transfer
to target proteins, thus IAPs play a role in proteasome-mediated
degradation of target proteins. Consistent with this observation,
both BmNPV IAP2 and Op-IAP3 have been demonstrated to possess
E3 ubiquitin ligase activity (Green et al., 2004; Imai et al., 2003).
The molecular mechanisms by which baculovirus IAPs sup-
press apoptosis induced by a variety of apoptotic stimuli remain
obscure. Most analyses of the mode of action of baculovirus IAPs
have been conducted with Op-IAP3. Expression of Op-IAP3 is
essential for OpMNPV to suppress apoptosis induced in infected
cells and to productively infect the host cell line Ld652Y (Means
et al., 2003). In transient expression assays, Op-IAP3 suppresses
apoptosis of a number of mammalian and lepidopteran cell lines
triggered by a variety of apoptotic stimuli, suggesting that
Op-IAP3 interferes with an evolutionarily conserved step ofapoptotic signaling pathway (Clem and Miller, 1994; Hawkins
et al., 1996, 1998; Vucic et al., 1997). Although Op-IAP3 prevents
the activation of effector caspases (LaCount et al., 2000; Manji et al.,
1997; Seshagiri and Miller, 1997), it is unable to inhibit the
enzymatic activity of caspases (Tenev et al., 2007; Wilkinson et al.,
2004; Wright et al., 2005). Op-IAP3 has also been demonstrated to
suppress apoptosis through binding to Drosophila IAP antagonists,
Hid, Reaper and Grim, which are overexpressed transiently to induce
apoptosis of Sf21 cells (Vucic et al., 1997, 1998; Wright and Clem,
2002). In addition, Op-IAP3 is unable to bind directly to the
Drosophila initiator caspase, Dronc, and effector caspases, DrICE
and DCP-1, in vitro, and fails to suppress apoptosis of Drosophila
S2 cells (Wright et al., 2005). Based on these ﬁndings, it is probable
that Op-IAP3 suppresses apoptosis by sequestering IAP antagonists
such as Reaper, Hid and Grim, and preventing them from binding to
cellular IAPs (Clem, 2007; Fig. 2). Although it is not known if Op-
IAP3 functions in a similar manner during baculovirus infection of
lepidopteran cells, a lepidopteran orthologue of reaper has recently
been identiﬁed and found functionally conserved (Bryant et al.,
2009). Also, it was demonstrated that HycuMNPV IAP3 (Hycu-IAP3)
suppresses apoptosis of BM-N cells induced by p35-defective
AcMNPV infection and transfection with a plasmid expressing Ld-
IAP3 through inhibiting the activation of the B. mori initiator caspase
Dronc (Suganuma et al., 2011; Yamada et al., 2012).
Apsup
The apsup (ld109) was identiﬁed as an apoptosis suppressor
from LdMNPV after it was observed that the iap2 and iap3 genes of
this virus did not block apoptosis (Yamada et al., 2011, 2012). The
apsup encodes a polypeptide of 336 amino acid residues with a
predicted molecular mass of 39,333 Da, exhibiting no characteristic
motifs that suggest its functions. Apsup suppresses the apoptosis of
Ld652Y and Sf9 cells induced by p35-defective AcMNPV infection
and by exposure to actinomycin D and UV, and RNAi-mediated
silencing of apsup induces apoptosis of LdMNPV-infected Ld652Y
cells (Yamada et al., 2011; Yamada, unpublished). Suppression of
apoptosis by Apsup occurs through inhibition of Ld-Dronc activa-
tion, as evidenced by the fact that Apsup abolishes Ld-Dronc
cleavage in apoptotic Ld652Y cells induced by overexpressed
Ld-Dronc (Yamada, unpublished). Apsup homologues are
found in several baculoviruses, including Lymantria xylina MNPV
and AcMNPV. AcMNPV Apsup (Ac-Apsup) (Ac112/113) is a C-
terminal-truncated version consisting of 258 amino acid residues
relative to 336 amino acid residues of LdMNPV Apsup (Ld-Apsup)
and has no anti-apoptotic activity. Ac-Apsup fused with C-terminal
79 amino acid residues from Ld-Apsup acquires anti-apoptotic
activity, while Ld-Apsup with a deletion of C-terminal 79 amino
acid residues loses anti-apoptotic activity, indicating that a
sequence of C-terminal 79 amino acids of Ld-Apsup is indispen-
sable for its anti-apoptotic activity (Yamada, unpublished). Further
analyses concerning the mode of action of Apsup are currently
underway in our laboratory.
Distribution of baculovirus apoptosis suppressor genes
There is a high degree of diversity in the distribution of iaps and
other apoptosis suppressor genes among baculoviruses (Table 2).
AgMNPV, AnpeMNPV, EppoMNPV, HycuMNPV, OpMNPV, HearSNPV,
and CpGV have functional IAPs that are capable of suppressing
apoptosis, independent of other apoptosis suppressors. The single
exception to this is LsMNPV that carries both functional IAP3 and P49.
In contrast, AcMNPV, BmNPV, LdMNPV, SlNPV, and SpltMNPV, which
have no functional IAPs, encode P35, P49 or Apsup as apoptosis
suppressors. Baculoviruses lacking functional apoptosis suppressor
genes have not been found to date. These facts are consistent with the
Fig. 3. Intracellular antiviral immunity of Ld652Y cells infected with AcMNPV.
Ld652Y cells induce apoptosis upon infection with p35-deﬁcient AcMNPV
(vAcDp35), whereas infection of Ld652Y cells with wild-type AcMNPV encoding
P35 results in global translation arrest. The apoptosis triggered by vAcDp35
infection is precluded not only by AcMNPV P35 but also by other functional
baculovirus apoptosis suppressors, including P49, IAP3 and Apsup. In addition to
suppressing apoptosis, these baculovirus apoptosis suppressors also play a role in
triggering global translation arrest in AcMNPV-infected Ld652Y cells. Global
translation arrest is precluded by LdMNPV-encoded HRF-1, an essential baculo-
virus factor for productive infection in Ld652Y cells.
M. Ikeda et al. / Virology 435 (2013) 1–13 9idea that virus-encoded apoptosis suppressors are crucial for baculo-
virus survival and suggest that during their evolution, those baculo-
viruses which encode only functionally defective IAPs, must have
acquired a novel anti-apoptotic gene to survive. Alternatively, it is
possible that viral IAPs might lose their anti-apoptotic activity in the
baculoviruses which had acquired a novel functional anti-apoptotic
suppressor gene other than iaps. It is tempting to speculate that
baculoviruses, which have no functional apoptosis suppressors so far
identiﬁed, including IAPs, P35, P49, and Apsup, possess novel apop-
tosis suppressors yet to be discovered.Global translation arrest and apoptosis of Ld652Y cells
Ld652Y cells exhibit interesting responses against different NPVs
and thus provide a useful model system for analyzing the mechan-
isms underlying intracellular antiviral immunity in insect cells.
Ld652Y cells are permissive for LdMNPV, yielding a high titer of
progeny viruses (Slavicek et al., 1992, 1996), whereas AcMNPV
infection of Ld652Y cells results in global translation arrest, produ-
cing no progeny viruses (Guzo et al., 1991, 1992; Fig. 3). Moreover,
Ld652Y cells undergo apoptosis upon infection with various NPVs,
including p35-defective AcMNPV (Ishikawa et al., 2003). The global
translation arrest and apoptosis of Ld652Y cells triggered by
baculovirus infections are precluded by the LdMNPV-encoded viral
factors HRF-1 and Apsup, respectively (Fig. 3).
Studies have been conducted using AcMNPV-infected Ld652Y
cells to determine the possible links between global translation
arrest and apoptosis, and a number of important events, as well as
cellular and viral factors, relevant to induction and suppression of
global translation arrest and apoptosis have been characterized
(Du and Thiem, 1997b; Thiem, 2009; Thiem and Chejanovsky,
2004). Examination using a DNA synthesis inhibitor, aphidicolin,
and viral DNA replication-defective AcMNPV temperature-
sensitive mutants demonstrated that global translation arrest is
triggered early in infection and becomes severe from the onset of
viral DNA replication. The apoptosis suppressor Ac-P35 isrequired for induction of global translation arrest and can be
substituted with functional apoptosis suppressors from other
baculoviruses, including Op-IAP3, Cp-IAP3 and Sl-P49, while
peptide caspase inhibitors are unable to substitute for Ac-P35.
Based on these data, it is speculated that the suppression of
apoptosis results in the induction of global translation arrest of
Ld652Y cells. However, apoptosis suppression by itself is not
sufﬁcient for inducing global translation arrest, and baculovirus
apoptosis suppressors play an additional functional role in trig-
gering or enhancing global translation arrest (Thiem, 2009; Thiem
and Chejanovsky, 2004).
Studies with HycuMNPV and BmNPV have provided
further information on global translation arrest and apoptosis of
Ld652Y cells (Ishikawa et al., 2003, 2004, 2006). Ld652Y cells are
non-permissive for both HycuMNPV and BmNPV, and undergo
apoptosis upon infection with these viruses (Ishikawa et al.,
2003). Suppressing apoptosis of HycuMNPV-infected Ld652Y cells
by a pancaspase inhibitor z-VAD-fmk is unsuccessful in restoring
progeny virus production, whereas both HycuMNPV and BmNPV
are able to replicate in Ld652Y cells in the presence of HRF-1
expressed either transiently in cultured cells or continuously
from the genome of recombinant viruses, suggesting that
restricted production of progeny viruses in Ld652Y cells infected
with HycuMNPV and BmNPV is not due to apoptosis, but due to
global translation arrest (Ishikawa et al., 2004, 2006). In addition,
irrespective of apoptosis induced by viruses, global translation
arrest is observed in Ld652Y cells infected with HycuMNPV, but
not with HycuMNPV harboring hrf-1 (Ishikawa et al., 2004).
Collectively, it is likely that both global translation arrest and
apoptosis in baculovirus-infected Ld652Y cells are triggered early
in infection by the same or different viral factors, and enhanced
depending upon the onset of viral DNA replication (LaCount and
Friesen, 1997; Du and Thiem, 1997b; Thiem and Chejanovsky,
2004), thus suggesting that the two intracellular antiviral
mechanisms operate in an overlapping manner during virus
infection (Fig. 3). Although little is known of signaling pathways
leading to apoptosis and global translation arrest of lepidopteran
cells, available evidence suggests that these pathways are linked
together through baculovirus apoptosis suppressors (Fig. 3). Func-
tional baculovirus apoptotic suppressors inhibit apoptosis of
Ld652Y cells triggered by baculovirus infection, while they also
function to trigger global translation arrest (Thiem, 2009; Thiem
and Chejanovsky, 2004). Apoptosis may be induced in Ld652Y
cells at different levels of severity depending on the potency
of apoptosis suppressors and/or sensitivity to apoptosis induction
of infected cells. Further analyses should provide insight into
additional cellular and viral factors involved in modulation of
signaling pathways, which may be shared by global translation
arrest and apoptosis.Concluding remarks
It has been some two decades since the major baculovirus-
encoded factors, P35, IAPs, HCF-1, HRF-1 and P143, which modulate
intracellular antiviral immunity of baculovirus-infected cells, were
initially discovered. The discovery of these viral factors, particularly
P35 and IAPs, has had a great impact on not only the ﬁelds of insect
virology and physiology, but also on basic biology, especially in the
ﬁeld of programmed cell death. Studies have been conducted in a
wide range of biological ﬁelds, including insect virology, and
considerable progress has been made in our understanding of their
biochemical properties, interactions with other viral and cellular
factors, and functional roles in modulating global protein synthesis
shutdown and apoptosis.
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of intracellular innate immunity of insects against DNA viruses,
which is still in its infancy. These include understanding the
molecular mechanisms underlying the induction of global protein
synthesis shutdown and their possible link to apoptosis induction
in baculovirus-infected cells. Also the speciﬁcity and relative
contribution of global protein synthesis shutdown and apoptosis
to overall intracellular antiviral immunity of baculovirus-infected
lepidopteran insect cells is not known. In addition, the signaling
pathways that lead to apoptosis induction in baculovirus-infected
cells remain obscure, and analyses have not yet been conducted
regarding mechanism for apoptosis induction triggered prior to
viral DNA replication in baculovirus-infected cells.
The studies highlighted in this review have illustrated the
great diversity in both cellular responses to baculovirus infections
and viral responses to intracellular antiviral immunity, as well as
modulators involved in these responses. Considering the variety
of differences in insects, such diversity is not surprising. In
addition, both baculoviruses and holometabolous insects may
have evolved at the same period at around 310 million years
ago (The´ze´ et al., 2011), indicating that a coevolutionary history
between baculoviruses and lepidopteran insects may extend back
to their origin. Individual insects must have evolved effective
means for sensing the cellular invasion of baculoviruses to
activate antiviral immunity. In contrast, in a strategy to suppress
or evade intracellular antiviral immunity and to promote their
multiplication, baculoviruses must have evolved diverse genes, as
well as mechanisms, whose products counter the antiviral immu-
nity activated in infected cells. Owing to the high degree of
diversity, it is still expected that further novel viral factors
involved in modulation of antiviral immunity will be identiﬁed,
which have the potential to provide valuable insights into
diversiﬁcation of factors and mechanisms developed for and
against innate immunity during co-evolution of baculoviruses
and insects.
Further progress in this ﬁeld requires identiﬁcation and func-
tional characterization of cellular factors, which serve as mod-
ulators and mediators of apoptosis and global protein synthesis
shutdown. These cellular factors may have intricate associations
with cellular and viral interacting partners to promote or interfere
with events and pathways for the intracellular antiviral immu-
nity. Exploring these interactions may greatly improve our under-
standing of the molecular mechanisms employed for the
modulation of apoptosis and global protein synthesis shutdown
in baculovirus-infected cells. Recent advances from genome-wide
surveys of cellular and viral genes and their products possibly
involved in baculovirus replication in lepidopteran insect cells
and dynamic interactions among them may facilitate further
studies on the intracellular innate antiviral immunity of lepidop-
teran insects (Bao et al., 2009, 2010; Courtiade et al., 2011a,b;
Gatehouse et al., 2009; Iwanaga et al., 2007; Sagisaka et al., 2010;
Salem et al., 2011; Xue et al., 2012; Zhang et al., 2010).Acknowledgments
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